Average geologic slip rates along the central Garlock fault, in eastern California, are thought to have been relatively steady at 5-7 mm/yr since at least the Late Pleistocene, yet present-day rates inferred from geodetic velocity fi elds are indistinguishable from zero. We evaluate the possibility of non-steady slip over millennial timescales using displaced Late Holocene alluvium along the central Garlock fault in Pilot Knob Valley. Truncation of a Late Holocene alluvial fan deposit against a shutter ridge requires a minimum of 30-37 m of displacement since deposition of the fan; maximum allowable displacement is 43-50 m. The extent of soil development atop the fan surface and optically stimulated luminescence ages bracket fan deposition between 3.5 and 4.5 ka. Together, these data require that slip rates during the Late Holocene were ~7-14 mm/yr, with a preferred rate of ~11-13 mm/yr. Our results, in conjunction with previous estimates of displacement over the past ~15 ka, require signifi cant temporal variations in strain release along the Garlock fault and confi rm previous suggestions that interactions among fault systems in eastern California give rise to alternating periods of fault activity and quiescence.
INTRODUCTION
The temporal evolution of strain accumulation and release along intracontinental fault systems refl ects a complicated interplay among far-fi eld loading due to relative plate motions, changes in static (Coulomb) stress as a result of coseismic slip along nearby faults (e.g., Stein, 1999) , changes in loading during post-seismic viscoelastic relaxation of the lower crust and/ or upper mantle (e.g., Pollitz et al., 2001; Savage et al., 2003) , and/or mechanical interactions between subjacent fault strands (e.g., Nicol et al., 2006) . Recent high-resolution records of fault behavior provide mounting evidence that such interactions give rise to time-dependent slip histories along fault networks (e.g., Rockwell et al., 2000) , yet the exact nature of these interactions remains obscure.
In eastern California, recent studies of slip rate and paleoearthquakes along N-NW-trending dextral faults reveal slip and paleoseismic histories that are strongly clustered in time (Rockwell et al., 2000; Oskin et al., 2008; Ganev et al., 2010) ; such behavior has been variously attributed to coordinated variations in activity between conjugate fault networks comprised by the Eastern California shear zone and the Garlock fault (Peltzer et al., 2001) or between the Eastern California shear zone and the San Andreas fault (Dolan et al., 2007) . Although irregular paleoseismic records along the Garlock fault (e.g., McGill and Rockwell, 1998; Dawson et al., 2003) allow the possibility of time-variable displacement, such behavior is not yet apparent in measures of slip-rate integrated over multiple earthquake cycles. Current data indicates that the average slip rate over the past ~8-16 k.y. has been 5-7 mm/yr (McGill and Sieh, 1993; McGill et al., 2009; Ganev et al., 2012) ; data that could potentially constrain slip rates over shorter geologic time scales are limited (e.g., Helms et al., 2003) .
Present-day velocity fi elds derived from geodetic measurements are at odds with relatively high rates of slip along the Garlock fault. Although the present day velocity fi eld records right-lateral shear along the Eastern California shear zone, this zone appears to be continuous across the Garlock fault (Savage et al., 1990; Peltzer et al., 2001) ; the velocity fi eld resolved parallel to the fault suggests sinistral displacement of only ~1-3 mm/yr (McClusky et al., 2001; Miller et al., 2001; Meade and Hager, 2005) . In contrast, viscoelastic models of the fault network in eastern California that account for earthquake recurrence suggest that the present-day slip rate of the Garlock fault may be signifi cantly higher, ranging from ~9-11 mm/yr (Chuang and Johnson, 2011) , if the fault is late in the earthquake cycle (e.g., Savage and Prescott, 1978) . Here we evaluate the hypothesis that slip along the Garlock fault has varied strongly in time during the Late Holocene. We utilize newly acquired, high-resolution topographic data from airborne laser swath mapping to reconstruct displacements along the central segment of the fault, and combine these with a chronology of alluvial deposits to determine slip rates.
GEOLOGIC SETTING
Transcurrent deformation along the North America-Pacifi c plate boundary is accomplished by a combination of dextral slip along the San Andreas fault zone and distributed right-lateral shear along a network of faults in the Mojave Desert and east of the Sierra Nevada that together compose the Eastern California shear zone (Fig. 1) . Embedded within this deforming crust is the Garlock fault, an ~250-km-long sinistral strike-slip fault that cuts across the northwest-trending Eastern California shear zone and terminates against the San Andreas system (Davis and Burchfi el, 1973) .
Although the Eastern California shear zone accommodates ~10-14 mm/yr of right-lateral shear (Bennett et al., 2003) , the nature of the interaction between right-lateral fault systems in eastern California and left-lateral slip along the Garlock fault remains enigmatic. Fault systems of the Eastern California shear zone terminate both north and south of the Garlock (Oskin and Iriondo, 2004; Numelin et al., 2007) and do not appear to signifi cantly disrupt the western and central segments of the fault zone (e.g., McGill and Sieh, 1991) .
Despite the apparent continuity of the Garlock fault, dextral shear associated with the Eastern California shear zone clearly passes across the fault along a NNW-trending zone (Savage et al., 1990; Bennett et al., 2003; Miller et al., 2001) . Dextral shear could be accommodated by progressive rotation of the Garlock fault (Savage et al., 2001; Gan et al., 2003; Savage et al., 2004) , or it may be accommodated by oscillatory strain release along different segments of the conjugate fault network (Peltzer et al., 2001) . The latter hypothesis fi nds support in paleoseismic records (Rockwell et al., 2000) , which reveal that Eastern California shear zone faults slip in clusters that appear to be antiphased with respect to paleoseismic records from the Los Angeles basin (Dolan et al., 2007) . Understanding the nature of interaction among the Eastern California shear zone, the Garlock fault and the San Andreas system is thus a key goal of developing refi ned slip histories along each of these systems.
The Garlock fault exhibits along-strike variations in fault orientation and slip-rate (e.g., McGill and Sieh, 1993; McGill et al., 2009) . Western segments of the fault system appear to have higher rates of slip, with rates decreasing to near zero at the eastern fault termination (Meade and Hager, 2005) . Along the central segment, displacements of the highstand shoreline of Searles Lake provides one of the most robust determinations of displacement since Late Pleistocene time (82-106 m, preferred estimate of ~90m; McGill and Sieh, 1993) . Lacustrine records from Searles Valley suggest that lake recession from highstand conditions occurred near 15-16 ka (Lin et al., 1998) , and thus, average slip rates along the central Garlock fault are 5-7 mm/yr. Displaced alluvial fans along the fl ank of the Summit Range (~70 m in 12-19 k.y., Ganev et al., 2012) suggest similar rates of ~4-7 mm/yr. Slip rates along the western Garlock fault may be somewhat higher at ~5-11 mm/yr (McGill et al., 2009) , although a constant rate from Clark Wash to Searles Valley cannot be ruled out.
Paleoseismic studies along the Garlock fault provide additional constraints on the behavior of the fault system over the past ~7 k.y.. Along the central fault segment (Fig. 1) , trench records reveal 6 well-resolved events since ~7 ka (McGill and Rockwell, 1998; Dawson et al., 2003) . Notably, four of these events occurred during the past 2 k.y.; these were preceded by a period of apparent quiescence during the period between ~5-2 ka (Dawson et al., 2003) . Presuming that these events record similar surface displacement (McGill and Sieh, 1991) , this record of paleoearthquakes suggests the possibility of irregular slip histories for nearby sections of the Garlock fault.
STUDY AREA
In an effort to test the possibility of timevariant slip rates along the Garlock fault, we identifi ed displaced alluvial deposits and surfaces in Pilot Knob Valley, ~6 km east of the displaced Searles Lake shoreline documented by McGill and Sieh (1993) . Our site is located at 117° 12′ 7″ W, 35° 33′ 36″ N, where three small drainages cross the Garlock fault ( Fig. 2A and B) and are incised into Quaternary alluvial and lacustrine deposits along the southern fl ank of the Slate Range. The western and eastern channels are active and are labeled W a and E a , respectively, on Figure 2 . A presently abandoned channel W i , branches off W a upstream of the fault; this drainage contains an extensive deposit of late Holocene alluvial material (labeled Qa3 b in Figure 2C , Table 1 ). These deposits are truncated to the south by the Garlock fault, along which slip has juxtaposed a shutter ridge composed of relict alluvial fan material (labeled Qa5 in Figure 2C , Table 1 ) against the Qa3 material.
The Qa3 b deposit displays geomorphic and sedimentologic characteristics consistent with high-energy transport in a confi ned alluvial fan environment. These include: (1) original bar and swale surfaces with relief up to ~1 m; (2) abundant clasts >25 cm in diameter; (3) poorly graded and sorted beds 5-25 cm thick, comprising a generally matrix-supported coarse sand and gravel, and a lesser abundant clast-supported cobble and boulder alluvium; and (4) stacked parallel Garlock Holocene slip rate | RESEARCH and trough-cross bedding, interpreted to be sheet fl ood and braided stream deposits, respectively. Silt lenses and mud drapes on bedding planes are locally present, but volumetrically rare. The slope of the deposit is relatively uniform at ~4° along length of W i channel ( Fig. 2A and D) .
Several linear arrangements of boulder bar comprise a prominent channel levee atop the Qa3 b surface (Fig. 2 ). This north-south levee is composed of an open-framework cluster of boulders ranging from 25 to 50 cm in diameter and can be traced to within 2 m of the shutter ridge along the Garlock fault (Fig. 2) . East of this feature, the Qa3 b surface is dissected by two active gullies that have incised 0.5-1 m into the deposit ( Fig. 2B and D) ; both gullies defl ect in a right-hand sense as they approach the shutter ridge (Fig. 2) . Although the boulder levee appears to separate two levels of the Qa3 b deposit, separated by ~50-80 cm elevation ( Fig. 2D ), we do interpret this feature as a terrace riser separating diachronous surfaces. We observe no difference in the characteristics of the surface clasts, their degree of varnish or rubifi cation, on either side of the levee, and the degree of bar/swale development is similar on the Qa3 b surface on either side of this feature ( Fig. 2E and F) . Moreover, topographic profi les extracted from high-resolution LiDAR (light detection and ranging) topographic data show (Fig. 2B ) that the Qa3 b topographic surface is in fact continuous across the levee at its northern end; there is no topographic step that might represent a terrace riser (Fig. 2D) . Thus, although the Qa3 b deposit has been subtly eroded by modern gullies east of the boulder levee, we do not see strong evidence for an inset terrace that might indicate diachroneity of surface development north of the fault (e.g., Cowgill, 2007) .
The shutter ridge south of the Garlock fault is 50 m in length, measured from western wall of channel W i north of the fault to the western tip of channel E a south of the fault (Fig. 2C ). The shutter ridge is composed of alluvial fan gravels with a signifi cant component of felsic and intermediate intrusive igneous clasts, and lesser meta-sedimentary and meta-igneous clasts, derived from the southern Slate Range; thus, the material is relatively short traveled and comparable to modern sediment in the active wash. The northeastern corner of the shutter ridge is rounded and appears to have been subjected to lateral erosion by the modern gully (Fig. 2) . Projection of the straight margin of the shutter ridge northward to the Garlock fault suggests that at least 7 m has been removed (Fig. 2) ; this value is a minimum, as we cannot determine how much lateral erosion has occurred away from the fault.
To address stratigraphic and tectonic relationships between the Qa3 b deposit and the shutter ridge, we hand-excavated three trenches at key locations. Trench 1 is a 6.75-m-long trench immediately west of the boulder levee on the Qa3 b surface (Fig. 3) . We identifi ed four stratigraphic units and one pedogenic unit; Qsa was identifi ed as a bioturbated zone with an incipient Av soil horizon displaying a vesicular matrix texture of fi ne, eolian silt beneath a pavement surface of clasts. Beneath this, a continuous wedge of colluvial material (Qc2) extends northward ~3.5 m from the shutter ridge and extends across underlying alluvial deposits. Qc2 is distinguished from underlying alluvial units by its (1) lack of bedding and sorting, (2) higher eolian silt content and associated light gray-tan color and (3) higher porosity and vesicular texture. Beneath Qc2, alluvium that is continuous with the Qa3 b deposit comprises two coarse sand and gravel conglomeratic facies, Qd1 and Qd2. These two sub-facies exhibit scoured bases and imbricated clasts indicating southward paleofl ow. Moreover, they exhibit weak soil development consistent with our two Qa3 b soil profi le descriptions (see following section). Qd1 was not observed interfi ngering with colluvium, which might be expected if the shutter ridge were present during Qa3 b deposition. A third unit, Qd3, is exposed at the bottom of the trench and appears to be distinct from Qd1and Qd2 in that it is noticeably more indurated and rubifi ed, with stage III petrocalcic horizons permeating the sandy matrix. We interpret this as an older deposit that predates emplacement of Qa3 b .
Trenches 2 and 3 were excavated south of the Garlock fault across the eroded northeastern corner of the shutter ridge to ascertain whether material related to Qa3 b was present. Both trenches were dug to 1-2 m depth and penetrated the underlying shutter ridge material (Qd4 in Fig. 3 ). Excavation did not reveal the presence of Qd1, Qd2, or Qd3 material here. Rather, we observe deposits (Qda) that appear continuous with young (late Holocene?) mapped as Qa2 in Figure  2 . Qda is shown to be younger than Qd1 based on two relationships: (1) a lack of observable pedogenetic characteristics in the exposed Qda deposit and (2) continuity of Qda with deposits composing Qa2 surfaces. The absence of relic Qa3 b deposits within these two trenches suggests that the shutter ridge was most likely eroded post-Qa3 b deposition. However, we cannot rule out that some lateral erosion of the shutter ridge occurred prior to Qa3 b scouring and deposition.
LATE HOLOCENE DISPLACEMENT
The geologic relationships described above allow us to place bounds on the magnitude of displacement subsequent to deposition of Qa3 b . We consider two end-member possibilities, the difference between which depends on whether the full 50 m extent of the shutter ridge was emplaced after deposition (MAX estimates, Fig.  2C ) or whether some length of shutter ridge was present during deposition (MIN estimates, Fig.  2C ). We consider each below.
The most conservative scenario considers that an ~13 m long shutter ridge was present during deposition of Qa3 b (Fig. 2C) ; this reconstruction places the eastern edge of the shutter ridge in line with the boulder levee atop Qa3 b . If we assume that the inside corner of the beveled eastern shutter ridge was aligned with the boulder levee, we reconstruct a minimum displacement of 30 m (MIN 1 , Fig. 2C ). However, Fig. 2C ). It is important to note that these minimum scenarios implicitly assume that the Qa3 b surface is diachronous and somewhat older to the west of the boulder levee (Fig. 2) . Deposition of Qa3 b is interpreted to predate most, if not all, of the present-day width of the shutter ridge. Five lines of evidence support this interpretation. First, original bar and swale surfaces that represent the paleo-fl ow directions during fan deposition are aligned perpendicular to the shutter ridge ( Fig. 2E and F) . We observe no defl ection of bar and swale features around the eastern extent of the shutter ridge, as would be expected if the shutter ridge were present during deposition (e.g., Cowgill, 2007) . Second, we observe no decrease in fan slope that would indicate ponding of sediments north of the shutter ridge (Fig. 2D , profi le A-A′) during development of a backwater reach upstream of the shutter ridge. Third, the relief between bar and swale is up to ~1 m and bars contain abundant clasts >10 cm in diameter, features associated with deposition during vigorous channel fl ow. Thus, the grain size of the deposits does not appear to fi ne toward the fault, as would be expected if the shutter ridge had formed a barrier to fl ow. Fourth, the Qa3 b deposit appears to be a single depositional surface. There is no older alluvial deposit along the western edge of channel W i immediately north of the fault, as might be expected if the shutter ridge was present prior to Qa3 b deposition (Fig. 2D , profi le B-B′). Finally, hand excavation reveals that the Qa3 b deposit projects beneath the collu- Qd4 --Ca. 30 ka shutter ridge alluvium; matrix-supported fanglomerate with clasts 3-15 cm across; stage I & II petrocalcic horizons on clasts (deposit here is ~3 m below true surface and comprises a C soil horizon (i.e., weaker soil deveopment); no salt shattering of metamorphic clasts; weak to moderate matrix induration; light tan to gray color; poorly to unsorted; poorly bedded. *All deposits comprise nearly identical clasts assemblages of granite, quartz monzodiorite, gneiss, schist, slate and minor amounts of undifferentiated chlorite -bearing meta-igneous and meta-sedimentary rocks.
Qda --Late Holocene alluvium (younger than Qd1 in trench 1); no petrocalcic development except for a few older, recycled clasts; poorly sorted, coarse gravel conglomerate with a few large boulders 20-100 cm across buttressed against western channel wall; no void spaces between clasts; good to poor bedding; weakly indurated matrix. vial apron developed along the northern scarp of the shutter ridge for at least 3.5 m (Fig. 3) , suggesting that erosion of the scarp post-dates Qa3 b deposition. We found no evidence to suggest that the shutter ridge colluvium consists of stacked or discrete prograding colluvial wedges, nor do we see any indication that the colluvial wedge exposed interfi ngers with Qa3 b . In contrast, the absence of Qa3 b material beneath the active wash along the northeastern corner of the shutter ridge suggests recent erosion of the shutter ridge. Collectively, these observations indicate that the Qa3 b deposit likely fi lled the entire width of the valley and does not represent a younger inset surface or a diachronous tread (e.g., Cowgill, 2007) . Thus, it seems apparent that displacement of the shutter ridge truncated Qa3 b deposits. Considering these arguments, the maximum displacement implied by our data is that the shutter ridge did not protrude into channel W i during Qa3 b deposition (referred to as MAX 1 and MAX 2 displacements in Fig. 2C inset) . In this case, the eastern end of the shutter ridge is restored to match the channel wall north of the Garlock fault, implying ~43 m of displacement (MAX 1 , Fig. 2C ). If we account for lateral erosion of the shutter ridge, this estimate may be as high as 50 m (MAX 2 , Fig. 2C ).
Lateral erosion of the downstream riser in channel E a is accounted for in both the minimum and maximum displacement scenarios (Fig. 2C) . The absence of Qa3 b material beneath the active wash along the eroded northeastern corner of the shutter ridge makes it seem likely that most erosion of the shutter ridge postdates deposition of Qa3 b . Thus, we prefer scenarios that account for this additional 7 m of displacement (MAX 2 and MIN 2 , Fig. 2C ). Moreover, as argued above, we do not see strong evidence for diachroneity of the Qa3 b surface in the topography, morphology of the surface, or soil characteristics, and therefore we prefer the maximum reconstruction of 43-50 m. Of course, we cannot rule out the possibility that lateral erosion of the shutter ridge exceeded 7 m, and it is possible that displacement subsequent to deposition of Qa3 b may exceed 50 m. However, we note that apparent offset of the eastern E a channel wall is ~47 m (e.g., Helms et al., 2003) , consistent with our preferred maximum restoration. Thus, we fi nd it likely that the width of the shutter ridge represents most of the displacement that has accrued along the central Garlock fault since deposition of Qa3 b .
ALLUVIAL CHRONOLOGY
To evaluate the age of the Qa3 b surface, we employed two techniques; the relative degree of soil development and direct dating of the burial of fi ne-grained silt lenses within the deposit. The pronounced bar-and-swale depositional morphology of the Qa3 b surface and weak development of soil and desert pavement (Table1) indicate that this is a relatively young deposit (e.g., Bull, 1991; Helms et al., 2003 , McDonald et al., 2003 . The relative degree of soil developed on the Qa3 b deposit when compared to several independently dated soils in the southwest United States (Table 2) indicates the Qa3 b deposit is late Holocene. The degree of soil development characterized on the Qa3 b deposit (soils CLK-1, CLK-2; Table 2 ) is strongly similar to soils formed in several Late Holocene deposits developed in generally similar parent materials (i.e., alluvium derived from largely siliceous intrusive plutonic and metamorphic source rocks) and broadly under similar climatic conditions (i.e., arid climate with annual precipitation from ~100-150 mm/yr). Although there are small differences in seasonality of precipitation between the MM soil and the other soils have formed in the Mojave Desert, we consider these to be minor infl uences (Table 2) .
Common characteristics of Late Holocene soils shown in Table 2 include a weak to moderately developed Av (vesicular) horizon, weakly developed Bwk (see Table 2 for nomenclature) or Bky horizons, and stage I carbonate morphology (e.g., Machette, 1985) . The CLK-1, CLK-2, MM, PM Qf6, and SIL-1 soils that have formed on gravelly to cobbly alluvial deposits have weakly development desert pavements, whereas the CWG-2 soil that has formed on gravelly sand deposits does not have a pavement. By comparison, soils formed on alluvial deposits that are pre-late Holocene and older than ca. 8 ka (generally on early Holocene to Latest Pleistocene deposits) have moderately to strongly developed Av horizons, weakly to moderately developed Bwk, Btk, Bky and Bty horizons, and stage I-III carbonate morphology. Desert pavements are moderately to strongly developed on the PM Qf5 and CLK-3 soils that have formed in gravelly to cobbly alluvial deposits and do not exists on the CWG-1 soil that has formed in gravelly sand alluvium.
Soil morphology was quantifi ed using the Soil Development Index (SDI) procedure according to Harden (1982) , Harden and Taylor (1983) and Birkeland (1999) . The SDI provides a semi-quantitative approach to convert fi eld-described soil morphology (i.e., color, structure, texture) into numerical data to enable a quantitative comparison of the degree of soil development. Morphologic values can be calculated for up to ten morphologic parameters for each soil horizon including: rubifi cation (reddening), color paling, color lightening, melanization (darkening), total texture, dry consistence, moist consistence, argillans (clay fi lms), structure, pH and carbonate morphology. In this study we applied morphologic values for rubifi cation (reddening), total texture, dry consistence, moist consistence, argillans and structure, as these six values best represent time-related trends in formation for the soils used here. Points are assigned to each property based on the difference between the described soil property and the parent material (i.e. the morphologic nature of the deposit at the onset of soil formation). Points for each property are normalized to a percentage scale of maximum property development based on comparison of each property to a published or conceptual maximum value of development for each particular property. Maximum soil property values from Taylor (1988) were used to normalize soil property values in this study. Normalized property values are summed for each horizon and averaged yielding a Horizon Development Index (HDI) value that provides an estimate of overall horizon development relative to a conceptual idea of maximum possible horizon development. HDI values are multiplied by horizon thickness and summed for each profi le yielding a single Profi le Development Index (PDI) value for that profi le (note: the SDI is used to convert soil morphology into a fi nal PDI soil value). PDI values provide a means of comparison among soils within a given sequence and can be used to develop a soil chronofunction.
The chronofunction can be inverted to provide soil age estimates based on calculated PDI values. Increasing PDI values refl ect an overall increasing development of soil profi le morphology that is largely refl ective of increasing soil age. The PDI values for soils formed on dated Late Holocene deposits (MM, PM Qf6, CWG-2, and SIL-1; Table 2) range from 2.5 to 4.2 and overlap the PDI values of 3.1 and 3.6 for soils formed on the Qa3 b deposit (CLK-1, CLK-2). The PDI values for the soils on the three preHolocene deposits are higher and range from 7.9 to 44.1, refl ecting the longer time for soil development that has occurred on these older surfaces. The fact that PDI values for the two soils formed on the Qa3 b deposit are lower than PDI values from dated pre-Holocene surfaces and similar to PDI values from dated late Holocene surfaces supports that that the Qa3 b deposit is younger than ca. 4.5 ka.
To test this inference, we collected fi negrained sand and silt from a lens within the Qa3 b deposit ( Fig. 2A) for optically stimulated luminescence (OSL) dating (OSL-PKV-2 in Fig. 4 ). We sampled a freshly exposed silt interval ~1. (Gile et al., 1981) . 3 Profi le Development Index (PDI). Soil morphology was quantifi ed using the Soil Development Index (SDI) procedure according to Harden (1982) , Harden and Taylor (1983) , Taylor (1988) and Birkeland (1999) . 4 Quantitatively determined age using the following dating techniques: *Optically stimulated luminescence (OSL), **Radiocarbon dating of wood fragment, *** Infrared stimulated luminescence (IRSL), ****Depth profi le using Be 10 . 5 The MM soil has formed under a modern climate that has rainfall derived from both winter frontal and summer convective storms whereas all other soils listed in Table 2 have formed in the Mojave Desert where rainfall is primarily derived from winter frontal storms and secondarily from summer convective storms.
6 White diamond "3" on Figure 2A . See Figure 4 and Table 3 for OSL analytical data corresponding to CLK-1 pit. 7 White diamond "2" on Figure 2A . 8 White diamond "4" on Figure 2A . See Figure 5 and Table 4 ). This sample displayed luminescence characteristics consistent with young, partially bleached alluvial sediments and yielded an age of 4.07 ± 0.37 ka (Fig. 4, Table 3 ), consistent with the pedogenic and geomorphic characteristics of the deposit. Its measured decay signal reveals a strong initial count with a fast decay when exposed to a blue diode light source, indicative of robust quartz sensitivity. A minimum age model (Galbraith et al., 1999 ) is considered appropriate because of the over dispersion and asymmetrical population of D e (equivalent dose) values (Fig. 4) measured (~61%) , characteristic of incomplete bleaching of quartz grains during transport. A complete discussion of luminescence behavior and interpretation can be found in the Data Repository (DR1; see footnote 1). In conjunction with the degree of soil development, these results suggest that deposition of unit Qa3 b occurred in the Late Holocene, between 3.5-4.5 ka (Table 3) .
We also dated the older Qa5 alluvial fan surface which comprises the shutter ridge south of the Garlock fault ( Fig. 2A) by measuring a depth profi le of 10 Be nuclide concentration (Fig. 5, Table 4 ). The soil profi le at this site exhibits signifi cant rubifi cation, accumulation of clays, and development of moderate pedogenic carbonate relative to the Holocene deposits (Table 2) . Five samples were collected from a vertical stream bank cut into the alluvial fan (TCN-PKV-2 in Table 4) , and a single surface sample was amalgamated from clasts ~1-3 cm diameter. Samples were washed, sieved to retain the 250-500 μm sediments, and chemically and physically abraded to concentrate quartz; Be was isolated via anion and cation chromatography, and converted to Be-oxide at the University of Kansas. Final 10 Be concentration analysis was performed on an accelerated mass spectrometer (AMS) at Purdue University (PRIME Lab). Best-fi t profi les utilizing 100,000 Monte Carlo simulations using the "10Be_profi le_sim-ulator_V1.2" script of Hidy et al., [2010] , that consider local production and the possibility of surface erosion/infl ation. Best-fi t models that allow for some surface infl ation (i.e., incorporation of windblown material into the Av horizon and uppermost B horizon) suggest that the alluvial fan is ca. 30 ka in age (25.8 +6.1/-4.2 ka at 2σ) (Fig. 5, Table 4 ), consistent with the greater degree of soil development on the fan surface (CLK-3 in Table 2 ).
TECTONIC SIGNIFICANCE
Our results demonstrate that at least 30 m, and up to 50 m, of sinistral displacement has accumulated along the central Garlock fault in Pilot Knob Valley since 3.5-4.5 ka. These data require that average slip rates during the late Holocene were between 6.7 and 14.3 mm/yr, signifi cantly greater than average rates determined from Late Pleistocene features (e.g., McGill and Sieh, 1993; Ganev et al., 2012) . If we consider a central Qa3 b age of 4 ka and our preferred displacement range of 43-50 m, our data imply that the average slip rate along the Garlock fault was 10.8-12.5 mm/yr during the Late Holocene (Fig. 6) .
These results provide important new temporal resolution of the history of strain release along the central Garlock fault. Displacement of the Searles Valley shoreline by ~90 m is well constrained near Randsburg Wash ~6 km west of our study (McGill and Sieh, 1993 ); this appears to be consistent with 70 ± 7 m offsets documented along the nearby Summit Range to the west (Ganev et al., 2012) . Assuming no spatial variations in slip rate across the 6 km that separate our site from the displaced shoreline, our results require that 43-50 m of this displacement accrued in the past ~4 k.y. The remaining 40-47 m must have accrued in the interval of time between ca. 15 ka (the age of the Searles Valley shoreline) and 4 ka. The interval slip rates implied by these data suggest relatively slow displacement (~3.6-4.3 mm/yr) during this time (Fig. 6) . Although the extreme minimum slip rate allowed by our data is close to the maximum average rate inferred from the Searles Valley shoreline (McGill and Sieh, 1993) , the separation between the interval rates (Fig.  6 ) strongly suggests that slip rates have varied through time. Thus, our results provide the fi rst confi rmation of previous inferences of timevariant strain accumulation and release along the Garlock fault (Peltzer et al., 2001; Chuang and Johnson, 2011; Ganev et al., 2012) .
Interestingly, our results appear to fi nd support in the Late Holocene paleoseismic record and surfi cial offsets from the central Garlock fault (e.g., McGill and Sieh, 1991; Dawson et al., 2003) . Analysis of clustered displacements www.gsapubs.org | Volume 6 | Number 1 | LITHOSPHERE along this segment of the fault ~40 km west of our site suggests that the most recent three events likely had offsets of 7 m, 7 m, and 4 m, respectively (McGill and Sieh, 1991) . If these correspond to events seen in the paleoseismic record (Dawson et al., 2003) , they would be consistent with slip rates on the order of 10.6-12.2 mm/yr during the past ~2 k.y. (Fig. 6) . Collectively, these data support the contention that a relatively high slip rate is required to explain current velocity fi elds in terms of earthquake cycle stages (Chuang and Johnson, 2011) . The discrepancy between our new Late Holocene slip-rate estimate and apparently low geodetic strain accumulation rates (~0-3 mm/yr, Bennett et al., 2003) may indicate that (1) the Garlock fault is late in its earthquake cycle (e.g., Chuang and Johnson, 2011; Peltzer et al., 2001 ) and/or (2) active strain accumulation has only recently focused along the Eastern California shear zone (Oskin et al., 2008) .
The possibility that the Garlock fault is late in its earthquake cycle has important implications for seismic hazard characterization along the fault. McGill and Rockwell (1998) and Dawson et al. (2003) bracketed the last rupture of the central Garlock fault at Iron Canyon (Fig. 1) between A.D. 1450 and 1640. Assuming the Garlock fault has remained locked with no aseismic creep since this last event (ca. A.D. 1545), our late Holocene slip rate (9.3-12.5 mm/yr) would imply a slip defi cit of 4.4-5.9 m. This is approximately double the implied defi cit if the longer term slip rate of McGill and Sieh (1993) (5-7 mm/yr) is used. McGill and Sieh (1991) estimated that the Garlock fault has the potential to host a Mw 7.2-7.5 earthquake, if rupture involved 3-7 m of coseismic displacement along the central segment of the fault.
TECTONICS OF THE GARLOCK FAULT
Our results carry signifi cant mechanical and kinematic implications for the interaction of the Garlock fault with both the Eastern California shear zone and the San Andreas system, and thus bears on complex transform plate boundaries in general. Accelerated slip along the fault since ca. 4 ka appears to correspond with a time period of lower seismic moment release along the Eastern California shear zone (e.g., Dolan et al., 2007) . If temporal variations in slip rate along the Garlock fault are indeed coordinated with alternating periods of slip along different components of the North American plate boundary (Dolan et al., 2007) , then they raise important questions about whether this interaction simply refl ects the nature of fault interaction and elastic strain changes during earthquake clusters (e.g., Weldon et al., 2004) , or whether nonsteady slip refl ects strain hardening or weakening in the lower crust (e.g., Dolan et al., 2007; Oskin et al., 2008) . Our documentation that the Garlock fault has experienced temporal variations in slip rate that average multiple earthquake cycles further supports a growing body of geodetic and paleoseismic evidence that attest to far-fi eld coordinated interactions among the ; and (5) 85 cm, 2.5 g cm -3 . Density is allowed to increase linearly with depth, but not exceed 2.5 g cm -3 . I Total uncertainty is 1σ accelerated mass spectrometer error plus 2%.
fault systems marking the diffuse North American plate boundary.
Our results also support contentions that the present-day velocity fi eld is infl uenced by earthquake cycle effects. In particular, our results are consistent with inference that the Garlock fault exhibits a relatively high slip rate (~9-11 mm/ yr; Chuang and Johnson, 2011) , but is relatively late in the earthquake cycle, such that differential velocities resolved along the fault are low (McClusky et al., 2001; Miller et al., 2001) . Assuming that the high rate we determine for the Late Holocene presently characterizes the fault, and taking the timing of the most recent event documented in the paleoseismic record (Dawson et al., 2003) , it is possible that the fault may have accumulated a slip defi cit of 4-6 m. An event of this magnitude along the central and western segments of the Garlock fault would likely load faults in the Eastern California shear zone in Panamint and Death Valley (McAuliffe et al., 2013) and could enhance their potential for rupture.
CONCLUSIONS
Our results provide the fi rst documentation of time-variable slip rates on a major plate boundary fault in California. In Pilot Knob Valley, 30-50 m of displacement of a shutter ridge against a Late Holocene fan surface has been critically evaluated through mapping, analysis of both airborne and terrestrial LiDAR imagery, and trenching at key positions along the shutter ridge. The degree of soil development (3.1-3.6 PDI value; Table 1 ) and direct dating by OSL (4.07 ± 0.37 ka; Table 3 and Fig. 4) indicates that Qa3 b deposition took place between 3.5 and 4.5 ka. Collectively, our results allow for Late Holocene slip rates between 6.7 and 14.3 mm/yr. However, our preferred reconstruction implies 43-50 m of displacement, and thus a most likely slip rate of 10.8-12.5 mm/yr during this time. Interval slip rates determined using displaced late Pleistocene Searles Lake shorelines reveal strongly time-variant slip histories that range from ~3.6-4.3 mm/yr during the Late Pleistocene and Early Holocene (15-4 ka), followed by a post-4 ka period of higher strain release. These large fl uctuations of slip during the Holocene are likely linked to time-variant loading from faults in the Eastern California shear zone (e.g., Rockwell et al., 2000; Dolan et al., 2007) .
